A movable sweating thermal manikin the size of a two-year-old infant was developed in this study. Heat was supplied through manganese wires of 0.3 mm diameter which were glued to the outside of the manikin. The manikin had 32 sweating pores drilled on its surface at the ratio of one per 110 cm 2 of surface area. Water was supplied from a water bath through silicone tubes to each sweating pore with peristaltic pumps. The manikin was dressed in a tight-fitting cotton knit suit and a water-resistant/water vapor-permeable material to control body-surface wettedness. Joints such as shoulders, hips, and knees meant the manikin was able to be placed in a standing, sitting, or walking positions. The surface temperature of the sweating thermal manikin was maintained within 33Ϯ0.5°C for the duration of the experiment. Dry heat loss from the nude manikin was in good agreement with the value obtained by subtracting the evaporative heat loss from a 2year-old Japanese infant's metabolic rate at rest. The manikin's sweat rate was able to be controlled at ten different sweating rates. The wettedness of the manikin changed from 0.49 when the water was supplied at 294 g/h · m 2 to 0.83 when the water was supplied at 2184 g/h · m 2 . It was confirmed in the present study that the skin temperature and the wettedness of the newly developed manikin were controlled precisely and the heat exchange between the manikin and the environment simulated those of a two-year-old Japanese infant.
Introduction
There is a continued and growing interest in the use of thermal manikins to evaluate thermal environments the human body is exposed to. Thermal manikins were originally developed to measure the thermal insulation of clothing. To date, at least 50 thermal manikins have been developed to evaluate thermal conditions since Winslow and Herrington first developed a standing heated manikin in 1949 [1] . A number of different manikin styles have been developed. A standing copper manikin and a seated thermal manikin was developed by Toda (1958) and Kerslake (1965) , respectively [2, 3] . developed a male thermal manikin, which can sit, stand, and walk [4-a, b] . McCullough et al. (1985) also published a comprehensive data base of clothing insulation from a series of manikin measurements [5] .
Sweating manikins have also been constructed, for example, Fonseca (1970) developed a sweating sectional manikin [6] . A female sweating manikin whose skin wettedness could be controlled was developed by Tamura et al. [7] . Sweating manikins which simulated sweat only in the case of vapor were also developed by Fanger et al. [8] and McCullough et al. [9] . All of these manikins, however, were adult-sized.
In 1992, an infant manikin was developed for evaluation of the thermal conditions used during care of premature infants (e.g. incubators) by Sarman et al. [10] . Infants, in contrast to adults require special environmental conditions. Infants usually sleep almost 13-14 hours a day, wear diapers, can not provide their own transportation and thus need a baby cart, and need a seat belt and car seat when riding in a car. Their situation resembles that of aged or handicapped individuals due to their sedentary nature, different metabolic output and inability to voluntarily change their thermal environment. Thus, there are important physiological considerations affecting the safety of clothing and bedding for use under a variety of environmental conditions. These considerations arise because infants cannot modify their environment to protect themselves from changing environmental conditions. To evaluate the infant's environment, including clothing design, it is necessary to have a reliable test method, that does not require the use of human subjects, for measuring the thermal properties of clothing In this paper the development of a movable sweating thermal manikin the size of a two-yearold Japanese infant is described. The manikin allows the dry and evaporative heat resistance of infants' environment such as clothing and bedding to be measured.
Methods

Construction of the manikin
The manikin, the size of a life-sized two-year-old Japanese infant, was composed of a 2 mm fiberglass shell reinforced with plastic. The manikin dimensions and those of the average the two-year-old Japanese infant which was established by the Japanese Standards Association (JSA) are summarized in Table 1 . The manikin was shorter than the JSA standard in height, but larger than the JSA standard in the other categories. The manikin's body, excluding the head, was divided into 16 segments as shown in Fig.  1 . The total body surface area of the manikin was 0.47 m 2 including the head segment and 0.40 m 2 without it. The 16 segments and their respective surface areas are listed in Table 2 . Figure 2 shows a schematic cross section of the manikin's skin. The body of the manikin was enveloped in manganese wires with platinum resistance thermometers and was then covered with RTV rubber paste and RTV rubber sheet of high heat conductance (1.67, 3.8 W/m ·°C) to make the surface temperature even as well as protect and insulate the manganese wires and the platinum resistance thermometers from shock and soakage.
The manikin had 32 sweating pores drilled through its surface at the ratio of one per 110 cm 2 of surface area. The manikin was dressed in cotton knitted suit simulating the human skin. The "skin" was continuously wetted with distilled water throughout the tests to simulate sweating. The manikin was also dressed in a tight-fitting garment made from water-resistant/ water vapor-permeable material (one-layer Gore-Tex) Table 1 . Comparison of representative manikin dimensions with those of the two-year-old Japanese infant size measured by the Japanese Standards Association (JSA). over the cotton knitted suit in order to prevent the clothing from becoming wet.
The openings of each body segment where the body was cut in order to form joints were covered by an acrylic sheet insulator. Each body segment was connected with hooks and flexible hoses. The electric wires and silicone tubes were fed through flexible hoses from each segment to a connector at the back of the manikin's head. The joints, which consisted of these hooks and flexible hoses, enabled the manikin's posture and movements to be manipulated.
Heat and water control systems
Heat was supplied through manganese wires of 0.3 mm diameter glued to the outside of the fiberglass shell. The distance between the wires was 3 mm. The outer surface temperature of each body segment was controlled though a platinum resistance thermometer buried under the RTV rubber sheet of each segment. The surface temperature of each segment was con-trolled separately by a temperature controller and the data was recorded on a desktop computer outside of the manikin. The heat loss from the surface of each segment was measured in watts through the electrical heat supply to each segment and was calculated as watts per m 2 .
Water was supplied from a water bath to each of the sweating pores through silicone tubes of 1 mm inner diameter by peristaltic pumps. The flow rate could be individually and continuously controlled from 3.8 g/h to 318 g/h. Both the manikin and its control systems were placed on a mass balance, and the water which dripped from the manikin's surface was gathered in a tank placed under the manikin's feet. In this way, the net amount of water evaporated from the manikin's surface could be measured.
Testing of the manikin's control system
In order to validate the function of the newly developed manikin and its control systems, experiments were conducted in both dry and wet manikin modes. Experiments were carried out in a climatic chamber at Bunka Women's University. The chamber's air temperature and the relative humidity were maintained at 25Ϯ0.5°C and 50Ϯ1% in dry mode and at 31Ϯ0.5C and 50Ϯ1% in wet mode. The surface temperatures of the 16 segments of the manikin's RTV rubber sheet were measured with thermistors installed between the RTV rubber sheet and the tightfitting cotton knit suit. The outer surface temperature that is the surface temperature of the water-resistant/ water vapor-permeable material was measured using a thermo camera. The outer surface temperature was maintained at a constant 33Ϯ0.5°C in both dry and wet mode tests.
In dry mode, after stabilizing the surface tempera-tureϮ7.5% for 10 min, the surface temperature and heat flow of each of the 16 segments were measured for a period of 30 min. In wet mode, before starting the tests, the water was fed though to just below the surface of the sweat pores and stopped at the tip of each sweating pore. The sweat rate was controlled at ten rates, 4.9, 12.8, 20.7, 28.6, 36.4, 44.3, 52.2, 60.1, 67.9 and 75.9 g/h, which were within the delivery range of the peristaltic pumps from 3.8 g/h to 318 g/h. After stabilizing the surface temperature of the dry manikin, water supply to each segment of the manikin was initiated. Water was supplied at a constant rate for the duration of the experiment. After stabilizing the sweating surface temperature at 33Ϯ0.5°C, the surface temperature and heat flow from the 16 segments were measured at 1 min intervals for 30 min. The data for the last five minutes of this period were used for analysis because the difference between the average data obtained from 30 min and the last 5 min were within 1%. The sweat rate (S) and the evaporation rate (E) were measured and the efficiency of evaporation (EE), E/S ratio was calculated in a standing posture. Measurements were replicated twice in a random order. The interval between measurements was greater than nine hours to ensure a constant pre-experimental condition.
Results
The surface temperature of the 16 segments Time required to reach equilibrium varied. In dry mode, the 16-segment surface temperature rose to 35Ϯ0.5°C after the power was supplied. The surface temperature fell to 32Ϯ0.5°C and then rose slowly for 10-15 min, reaching a steady state of 33Ϯ0.5°C and then remained constant for 30 minutes, as shown in Fig. 3a .
In wet mode, after water was supplied to each segment of the manikin, the surface temperature was stabilized at 33Ϯ0.5°C from approximately 35 to 95 min later, as shown in Fig. 3b . Figure 4 shows thermographs of the outer surface temperature taken during the last five minutes of each test. segment for the nude manikin in dry modes. The measurement was repeated twice and relatively good agreement was found between the two replicates. The average heat supply to each segment was approximately 50.21 W/m 2 . The heat supply to the hand and forearm were approximately three-fold larger than those to other segments. Their smaller diameter i.e. a larger surface area in relation to its volume and the way that heat was lost from the hand and forearm to the upper arm by natural convection were considered likely reasons for this finding. The heat supply to the upper arm was much smaller than that to the lower part of extremities. This result was consistent with the result obtained using an adult manikin by Tamura et al. [11] and Tanabe et al. [12] . The total heat sup-ply of the right upper arm, forearm and hand was consistent with that of the left. The leakage from the cross-section of the joints, the flexible-hoses, and the connecting part of the head were disregarded because they were negligible in comparison to the loss from the whole manikin.
Heat supply to the 16 segments
Overall heat loss from the whole manikin
Heat loss from the head segment, which was unheated, was also considered when the heat loss from the whole manikin was evaluated. The surface area of the head segment was estimated at 0.07 m 2 based on the head girth of the JSA standard size 2-year-old Japanese infant. The heat loss from the head segment was calculated to be 4.13 W based on the measured Manikin heat supply, sweat rate (S), evaporation rate (E), evaporative efficiency (EE) and wettedness (w) Figure 6 shows that the heat supply for the nude manikin in wet mode. At ten different sweat rates the heat supply increased with increasing sweat rate and it ranged from approximately 150 to 250 W/m 2 dur-ing the last 30 min.
The results of sweat rate (S), evaporation rate (E), evaporative efficiency (EE) and wettedness (w) for the nude manikin under these ten different sweat rates are summarized in Table 3 and are shown in Fig 7. Although when sweat rate was increased to 400 g/h · m 2 , evaporation rate did not increase in parallel. As the sweat rate increased, the evaporative effi-
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I.-H. Kang and T. Tamura Fig. 6 . Heat supply for the nude manikin at ten different sweat rates. ciency decreased and wettedness increased. The values of evaporative efficiency are plotted against the skin wettedness in Fig. 8 . The evaporative efficiency decreased with wettedness below 0.7 and remained constant over that value. It was considered that water could not evaporate from the manikin's skin surface if the sweat production rate exceeded a certain level.
Discussion
In dry non sweating conditions, the RTV rubber sheet's surface temperature was 33Ϯ0.5°C and the outer surface temperature observed with a thermo camera was 31Ϯ0.5°C. The reason for the difference of temperature was attributed to the air layers formed by the RTV rubber sheet, cotton knit and water-resistant/water vapor-permeable material. This difference also reflected the expected heat loss thermal gradient between the heated manikin surface and the cooler ambient environment. Alternatively, when sweating, the RTV rubber sheet's surface temperature, 33Ϯ0.5°C, was in consistent with the outer surface temperature because the water supplied to the skin provided a good conductance.
In an air temperature of 28°C, the heat loss from the nude manikin was 59.02 W/m 2 . This rate agreed with the value obtained by subtracting the evaporative heat loss from the 2-year-old Japanese infant's metabolic rate at rest. In this study, the 2-year-old Japanese infant's metabolic rate at rest (M) was defined using two methods: 1) as 1.2 times the 2-yearold Japanese infant's basal metabolism measured by Sasaki (1987), and 2) from the equation Mϭ(16.33ϩ 4.6 · R) · V O 2 · 10 3 /(60 · A D ) (W/m 2 ) (Weir 1949) [13] , where R was the Respiratory Quotient at rest, V O 2 was the oxygen consumption rate at rest and A D was the body surface area (m 2 ). The 2-year-old Japanese infant's metabolic rate at rest calculated using these two above-mentioned methods were 78.42 and 73.88 W/m 2 , respectively. Considering the respiration heat loss and insensible perspiration, the dry heat loss (Hd) was defined as M · 0.76. The dry heat loss found by multiplying 78.42 and 73.88 W/m 2 by 0.76 were 59.60 and 59.17 W/m 2 , respectively. This value was in good agreement with the dry heat loss from the nude manikin, (59.02 W/m 2 ).
When the sweat rate increased to 400 g/h · m 2 , the evaporation rate did not increase in parallel. With an increase in the sweat rate, wettedness increased from Table 3 . Values for the nude manikin at ten different sweat rates (sweat rate from 4.9 g/h to 75.9 g/h). Fig. 7 . Relationships between evaporative efficiency and wettedness for the manikin. 0.49 to 0.62, and after reaching a steady state of 0.66Ϯ0.03, it then increased from 0.76 to 0.83 again. The reason for the second increase may have been due to the evaporation of the dripping water gathered in the tank placed under the manikin's feet. A wettedness of 0.66Ϯ0.03, therefore, was the upper limit of wettedness in this infant manikin with two layers which consisted of cotton knit and a Gore-tex fabrics. The lower limit of the manikin's sweat rate was 0.49. Though the manikin has 32 sweat pores, it was impossible to simulate the lower level of skin wettedness of a live infants insensible perspiration rate of 0.06. The supplied sweat rate for an adult manikin at a wettedness of 1.0 investigated by Tamura [7] was approximately 313.60 g/h · m 2 . The adult manikin was supplied with water by the water-filling controller, a blood transfusion device, set-up above its head also its skin material consisted of only one layer of cotton knit. Thus, the evaporative efficiency of the adult manikin was considered to be greatly superior to that of the infant manikin used in this study.
Evaporative efficiency was related to the level of skin wettedness, depending on the sweat rate levels. Several researchers have shown that evaporative efficiency decreases with an increase in the work rate and humidity and is related to skin wettedness [14] [15] [16] [17] . The physical relationship between the decease in sweat efficiency and the skin wettedness was investigated by Kerslake [18] , who showed that the evaporative sweat ratio decreased when a vertical cylinder in a transverse wind was 45%. Kerslake (1972) concluded from this study that when the skin is fully wet, at least 40% of the sweat rate is dripping off the skin. Givoni's [19] results showed that evaporative efficiency decreased already at a skin wettedness of 0.2 during exercise. Candas et al. [20] reported that efficiency of evaporation started to decrease when a subject's skin wettedness was higher than 0.5. These results were obtained using live adults and agreed with the results reported in the present study which showed that the evaporative efficiency begins to decrease at 0.4 wettedness and showed about 60% at 0.5 wettedness. This is the first study describing the development of an infant thermal manikin the size and shape of a two year old, and its use. This newly developed sweating thermal manikin will be useful for evaluating the dry and evaporative properties of infants' clothing and bedding, which are closely related to the comfort that the clothing and bedding provide. Further study is needed to clarify the effects of different surface wetting techniques on skin wettedness, especially to determine the effect of lower wettedness, less than 0.4, and to investigate the combined effect of water-wicking and vapor transfer.
